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Scanning tunnelling microscopy and spectroscopy experiments complemented by first-principles
calculations have been conducted to study the electronic structure of 4 monolayer Bi(110) nanoribbons
on epitaxial graphene on silicon carbide [4H-SiCð0001Þ]. In contrast with the semimetal property of
elemental bismuth, an energy gap of 0.4 eV is measured at the centre of the Bi(110) nanoribbons. Edge
reconstructions, which can facilitate the edge strain energy release, are found to be responsible for the
band gap opening. The calculated density of states around the Fermi level are decreased quickly to zero
from the terrace edge to the middle of a Bi(110) nanoribbon potentially signifying a spatial metal-to-
semiconductor transition. This study opens new avenues for room-temperature bismuth nanoribbon-based
electronic devices.
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Semimetal bismuth is one of the most extensively
studied elements in solid state physics because of its
unique electronic properties such as long Fermi wave-
length, and the highest Hall coefficient of all metals
[1,2]. Furthermore, it has potential applications in spin-
tronic devices because its intrinsic strong spin-orbit cou-
pling (SOC) enables the generation and manipulation of
spin-polarized electrons without the need for high mag-
netic fields as in quantum Hall effect measurements [3].
These novel electronic properties are attributed to the tiny
overlap of electron and hole pockets at the L and T points
in the momentum space respectively, resulting in a very
long Fermi wavelength (about 30 nm) [4]. When the bis-
muth film thickness is approximately less than the Fermi
wavelength, the lowest quantized subbands of electron
pockets is raised to an energy higher than the highest
subbands of hole pockets rendering the possibility of
semimetal-to-semiconductor transition due to the quantum
size effect [5,6]. However, the SOC lifted degeneracy of
surface states in semi-infinite Bi films have been recently
found to develop high density of states crossing the Fermi
level [7,8], indicating the failure of band gap opening.
When the thickness of semimetal bismuth film is further
reduced to the range of nanometers, it was found that
the conducting properties of the Bi(111) and Bi(110) (in
rhombohedral indexing hereafter) films will change from
small-gap-semiconductor to metal as a function of the film
thickness [9]. Practical applications in spintronic devices
are hindered due to the negligible band gaps.
In contrast to a large number of investigations on
cleaved surfaces of thin films [10], less is known about
the effect of lower coordinated edge termination on the
geometric structure and electronic properties of one-
dimensional bismuth nanoribbons by local probe tech-
niques such as scanning tunneling microscopy (STM). It
was reported experimentally that a black-phosphorouslike
pseudocubic A17 structure with larger out-of-plane cor-
rugation of about 0.32 A˚ dominates the nominal Bi(110)
surface below the critical thickness of 4 monolayer
(ML) [left panel of Fig. 1(a)], while the bulk rhombohedral
structure is restored prevalently above the critical thickness
of 4 ML [11,12]. For comparison, the bulk cubic structure
is shown in the right panel of Fig. 1(a). Both structures
have strong intrabilayer chemical bonding, but are weakly
linked by interbilayer van der Waals forces [2]. The
atomically resolved STM image of the Bi(110) thin film
superimposed by an atomic model is shown in Fig. 1(b) to
illustrate its surface structure and orientation. When the
dimensionality of bismuth thin films is reduced further, it
is expected that significant contributions from the lower-
coordinated edge termination will make the system even
more intriguing, similar to the one dimensional graphene
nanoribbon system [13–15]. Thus, there is a compulsory
interest in investigating the reduced dimensionality, more
specifically edge structures, on the electronic properties of
Bi thin films grown on weakly adsorbed substrates.
In this work, the structural and electronic properties
of Bi(110) nanoribbons on epitaxial graphene (EG) on
4H-SiCð0001Þ are systematically investigated using
Omicron low temperature scanning tunneling microscopy
and spectroscopy (LT-STM-STS) and density functional
theory (DFT) calculations [16,17]. STS results show that
an energy gap of 0.4 eV is opened at the middle of the
Bi(110) nanoribbon. Supported by DFT calculations it is
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revealed that the energy gap is strongly correlated by
atomic buckling at the nanoribbon edge, and that a pos-
sible metal-to-semiconductor transition was predicted to
emerge from the terrace edge to the middle of the Bi(110)
nanoribbon.
Figure 2(a) shows the representative STM image of a
4 ML Bi nanoribbon with an average aspect ratio of about
20 (cf. Fig. S1, of the Supplemental Material [16]). The
different contrast on either side of the dotted white curve
of the Bi(110) nanoribbon is attributed to the different
underlying substrates, the upper darker part being on a
SiC nanomesh (NM) [18] and the lower part on epitaxial
graphene (EG). For most Bi nanoribbons, the stripe direc-
tion ½1120Bi is aligned with the armchair direction [1120]
of underlying 6 6 reconstruction for epitaxial graphene
on SiC. Figure 2(b) (cf. Fig. S1(c) [16] for clear edge
structure without the double-tip effect) shows the corre-
sponding differential STM image (VT ¼ 0:1 V) scaled
up from the white square in Fig. 2(a). The atomic structures
of the Bi(110) nanoribbon edge and the hexagonal lattice
of underlying monolayer EG are clearly distinguishable. In
contrast with the smooth edges for Bi on HOPG [19], the
hump-like superstructures are observed at the edges of Bi
(110) nanoribbon on EG. This could be ascribed to the
different growth behaviours, where the Bi(110) nanoribbon
grows preferentially along EG h1120i, while that along
HOPG h1010i. In Fig. 2(c), the topographical variation is
analysed by plotting line profiles along the edge (black
line) and away from the edge (gray line). It is found that a
period of a ¼ 0:5 nm [20] was determined along the
green line, which is plotted in Fig. 2(c) by the green profile.
In contrast, a larger period of even multiples of a was
observed at the Bi(110) nanoribbon edge as shown by the
red profile in Fig. 2(c). The small separation between both
lines implies the smaller penetration depth of the electronic
density of states along the edges. Meanwhile, similar
humplike edge superstructures have been continuously
observed for Bi nanoribbon on nanomesh.
Figure 3(a) shows a topographic STM image of a 4 ML
Bi nanoribbon distributed continuously over EG and NM.
The differential tunnelling conductance (dI=dV) spectra
are obtained at a tip position corresponding to a bias
voltage of 0.75 V and a series of set-point currents for
comparison as shown in Fig. 3(b) [16]. These spectra
show four peaks , , ,  located at 0:75, 0:49,
0.38, and 0.62 V respectively. The four peaks are character-
istic features of Bi(110) [12]. Most notably a gap of ap-
proximately 0.4 eV appears around the vicinity of Fermi
level. The energy gaps and relative peak positions observed
here are stable against changes under different measure-
ment conditions, for example set-point current. The energy
gap opening presented here differs significantly from pre-
viously published results. For example, 4 monolayer Bi
(110) thin films on Sið111Þ-ð7 7Þ do not show any per-
ceivable gap opening [12]. Theoretically, the energy gap in
pristine Bi(110) film with variable thickness is negligible
[9]. It is proposed here that the energy gap opening at the
middle of the Bi(110) nanoribbon [Fig. 2(b)] is associated
with the lower-coordinated edge structures at the rim of the
Bi(110) island.
FIG. 2 (color online). (a) Large scale STM image (VT ¼
2:5 V, It ¼ 100 pA) of the 4 ML Bi(110) nanoribbon on
EG. The white arrow indicates the Bi stripe direction with
respect to the notation of the epitaxial graphene on SiCð0001Þ.
(b) The differentiated STM image from the white square show-
ing the atomic structure of step edges. (c) Line profiles along the
edge (black line) and terrace (gray line) in panel (b).
FIG. 1 (color online). (a) Side view of 4 ML Bi film in a black
phosphorouslike A17 structure (left) and bulk A7 structure
(right). The lateral ½112 direction can be viewed from the left
on both panels. (b) Atomic resolved STM image (VT ¼ 0:2 V)
of the Bi(110) nanoribbon terrace superimposed by the 1 ML Bi
(110) atomic model.
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To identify the effect of reduced dimension on the elec-
tronic structures of Bi(110) nanoribbons, first-principles
calculations within the framework of density functional
theory were carried out [16]. As aforementioned, the sur-
face corrugation height and inter-bilayer stacking sequen-
ces lead to the main difference in elemental A7 and black
phosphorous A17 structures. Because of weak interaction
between EG and Bi(110) and weak Bi(110) inter-bilayer
interaction [2,9,16,21], a simple model of 2 ML Bi(110)
nanoribbon was used to save the computing expense.
Because of the simplification of used model, the symbols
A7 (A17) are here used to indicate the surface structures
with smaller (larger) corrugation. To clearly illustrate the
edge structures, the atomic models of 2 ML Bi(110) nano-
ribbon in A17 structure with even and odd edges are shown
in Figs. 4(a) and 4(b) respectively. Here the even (odd)
edges indicate the edge atoms have one (two) edge bonding
coordination. Upon structural optimization, it is shown
that remarkable changes occur at the terminating bismuth
atoms. Even edge atoms with two dangling bonds show
larger inward movement forming new bonds with inner
atoms as indicated by the arrows in the Fig. 4(a). Odd edge
atoms with one dangling bond undergo smaller inward
relaxation with no formation of new bonds. This suggests
that the outermost bismuth atoms show preference for
inward relaxation by saturating the remaining dangling
bonds. The relative stability of A7 and A17 structure of
Bi(110) nanoribbon is discussed by defining the formation
energy difference (FED) as EF ¼ EA7-EA17 where the
EA7 and EA17 are the per atom formation energies [16] of A7
and A17 structures, respectively. It is found that the
FED before structural optimization [black squares in
Fig. 4(c)] decreases in an oscillatory way as a function of
the ribbon width, with that of odd edges decreasing faster.
Bi(110) ribbons inA7 structurewith larger width (n > 8) are
more stable than their A17 counterpart no matter what the
edge structures are. After structural relaxation, the FED has
similar oscillation behavior as before. However, in contrast
with single step self-consistent calculations, the A17 type
Bi(110) ribbons with larger surface corrugations are always
more stable than the A7 structure, which is consistent with
experiments [11,12]. The opposite effect of structural relaxa-
tion on the stability of both structures at lower thickness
indicates that the larger corrugated surface structures might
facilitate the release of extra strain energy through structural
relaxation in comparison with the ‘‘planar’’ A7 structure.
Figure 4(d) shows the calculated per unit length edge
energy [16] of 2 ML Bi(110) nanoribbons in A7 and A17
structures as a function of ribbon width from 1.29 to
2.66 nm. One might notice that the per unit length edge
FIG. 3 (color online). (a) STM and (b) STS measurements on
a typical 4 ML Bi(110) nanoribbon. The boundary between Bi
on EG and Bi on the nanomesh (NM) is highlighted by a green
dotted curve. The STS curves are shifted vertically for clarity.
The characteristic peaks are denoted by labels.
FIG. 4 (color online). Side view of symmetric 2 ML Bi(110)
nanoribbon models with even edge (a) and odd edge (b) structure
before (upper) and after (lower) structural relaxation. The fixed
parts during structural optimization are shaded in gray. (c) The
formation energy difference before (black square) and after (red
dot) structural relaxation. (d) The per unit length edge energy
in A7 and black phosphorous A17 structures with and without
structural relaxation. The fitted exponential lines in both struc-
tures after relaxation are indicated by orange and blue colors as a
guide to eye. (e) The per unit length edge energy variation upon
the application of structural relaxation.
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energy oscillates with increasing the nanoribbon width
corresponding to a period of alternating edge types (even
or odd). The oscillatory behavior of the electronic struc-
tures of Bi(110) nanoribbon is similar to those of graphene
nanoribbons, which is due to the quantum confine-
ment effect [15,22,23]. Prior to structural relaxation, the
edge energies for both structural varieties decay quickly
with increasing ribbon width. The structural relaxation
causes the edge energies of both varieties to converge at
0:13 eV= A. Closer inspection of the per unit length edge
energy shows that odd edges exhibit a decaying behavior
different from that of even edges. The odd edge energies
for both structures converge quickly independent of struc-
tural relaxation. The even edge energies in the A7 structure
are smaller than those of A17 structure before structural
relaxation. However, this behavior in even edges is
reversed upon the application of structural relaxation.
The reduction of even edge energy corresponds to the
release of the edge strain energy, which can be clearly
seen in Fig. 4(e). For example, the even edge (n ¼ 4)
will cost strain energy Estrain ¼ 104 meV= A to deform
from one bonding coordination (bulk elemental A7) to a
higher bonding coordination due to inward movement with
new bonds formation.
As aforementioned, the period of the experimental Bi
(110) ribbon is observed to be approximately even times of
lattice constant along the x direction. Thus the observed
humps along the edges are most probably caused by the
atomic buckling of even edges. In order to reduce the
electronic impact of the central part of the nanoribbon
and to reduce the computational costs simultaneously, an
asymmetric slab model with the left edge fixed and satu-
rated by hydrogen atom was used to simulate the semi-
infinite A17 Bi(110) ribbon with even edge at the other
side as shown in Fig. 5(a). After structural relaxation, the
neighboring one-coordinated bismuth atoms [blue atoms
in Fig. 5(a)] move inward to form three-coordinated
bismuth triangle. The coordination change of edge bismuth
atoms plays a key role in stabilizing the edges of the
Bi(110) films. To verify our analysis of edge reconstruction
from an analysis of edge stability, we performed theoretical
simulations of STM topographic images calculated using
the Tersoff-Hamann approximation [24]. As presented in
Fig. 5(a), it is clearly shown that the simulated STM
images for 2 1 edge structures are in agreement with the
experimental topographical images evidencing that the
observed corrugations along the edges of Bi(110) films in
STM images are due to atomic buckling at the edge of one
monolayer Bi(110) nanoribbon.
We next relate the atomically resolved local STS mea-
surements with the calculated projected density of states
(PDOS) on each bismuth atom. More importantly, the
coordination changes of edge atoms can result in unique
electronic properties between atoms along the edge and on
the terrace. This is confirmed by the calculated PDOS
presented in Figs. 5(b) and 5(c). It is shown in both panels
that a prominent peak, which originates from the px com-
ponent of density of states, occurs around the Fermi level
in each curve. Moreover, the peak height around the Fermi
level decreases quickly as we move inward from
the edge to the terrace middle of the Bi(110) nanoribbon
[Fig. 5(c)]. The reduction in electronic density of states
may eventually cause a gap opening of ca. 0.4 eV around
the Fermi level, which is in fairly good agreement with the
measured dI=dV. The agreement between calculations and
experiments implies the validity of 2 ML Bi(110) model.
The possible spatial metal-to-semiconductor transition
predicted here suggests that thin Bi(110) films can have
applications in electronic devices if this transition can be
effectively controlled.
In summary, the structural and electronic properties of
4 ML Bi(110) nanoribbons are investigated by STM-STS
experiments and first-principles calculations. The hump-
like structures along the Bi(110) nanoribbon edges are attr-
ibuted to atomic buckling which can facilitate the release
of strained edge energy as supported by first-principles
calculations. In comparison with intrinsic semimetal prop-
erty of bulk Bi and negligible energy gap of Bi thin films, a
very large energy gap of 0.4 eV was detected at the middle
of Bi(110) nanoribbons. The calculated density of states
around the Fermi level are decreased quickly to zero from
FIG. 5 (color online). (a) Simulated STM images of a recon-
structed 2 1 2 ML Bi(110) film. (b) Projected density of states
(PDOS) of half-truncated 2 ML Bi(110) films as a function of
energy. The shaded areas are a guide to eye, which correspond to
characteristic peaks in experiments. The curves labeled in panel
(a) are shifted for clarity. The Fermi levels as indicated by
dashed lines in both figures are shifted to the zero energy.
(c) The quantity of projected density of states at the Fermi level
at different positions as indicated in panel (a).
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the edge to middle of Bi(110) nanoribbon implying a
spatial metal-to-semiconductor transition. The wider en-
ergy gap allows us to envisage the practical application of
bismuth based electronic devices.
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